Abstract. we studied the mechanism of original n-and p-type "intrinsic" organic films 8-Hydroxyquinoline aluminum (Alq 3 ) and N, N'-bis-1-naphthyl-N, N'-diphenyl-1, 1'-biphenyl-4, 4'-diamine (NPB) via using molybdenum trioxide (MoO 3 ) as a p-type dopant. It is found that the conductivities extracted from "holes-only" devices both for Alq 3 and NPB films are improved as a function of doping molar ratio (MR) of MoO 3 . However, the differences of change of conductivities in NPB films and Alq 3 films after doping can be found, where (1) a rapid increase of conductivity in Alq 3 with slope S>1 is shown in the entire MR range; (2) in NPB films, the conductivity changes with a slope of S>1 can be found in the low doping region (MR<~0.04) and a slope of ~1 can be found with MR>~0.04. According to these observation, we proposed that different distributions of occupied and unoccupied DOGS in energy gap of organic films is the origin of "intrinsic" n-/p-type organic films, and therefore can be passivated differently via MoO 3 . These findings suggest the effective way for improving free carriers concentrations by reducing DOGS in organic films.
Introduction
Organic semiconducting materials have been widely utilized into the device field due to their practical applications in organic light emitting diodes (OLED) [1, 2] , organic photovoltaics (OPV) [3, 4] and organic field effect transistors (OFET) [5, 6, 7] . The main advantages of organic films are low cost, mechanically flexible and available for large area fabrication. [8, 9] Unlike inorganic semiconductors which are functionalized commonly by using different dopants (e.g. donor atoms for n type semiconductor, or acceptor atoms for p type semiconductor), organic semiconductor materials always directly demonstrate their own "intrinsic" properties with either given an n-type or p-type without using doping. For example, fullerene (C 60 ) is commonly thought as an n-type material [10] ; on the other hand, Copper phthalocyanine (CuPc) is considered as a p-type material [11] . To further improve organic device performance, doping in organic films is also widely used for lowering injection barriers for charges injection [12, 13] and improving films conductivities through the increase of carriers concentration [14, 15] . In recent years, transition metal oxides such as molybdenum trioxide (MoO 3 ), tungsten trioxide (WO 3 ) have been widely used as effective dopants for realizing p-type organic films in organic devices due to their high work functions (WFs) (>6 eV) and larger electron affinity (e.g. 6.4 eV for MoO 3 ), which can easily induce charge transfer from organic molecules with their highest occupied molecular orbital (HOMO) to conduction band of transition metal oxides and therefore result in increasing of hole concentration in organic films. [16, 17] Recent studies even show that in C 60 films, doping with MoO 3 can realize the transition of C 60 films from n-type to p-type due to the formation of C 60 cations induced by complete charge transfer, [16, 18] which demonstrates the behavior similar to inorganic semiconductors. However, C 60 is a very limit case that one type of organic films can both realize n-/p-type characteristics via doping. In most organic molecules, their own "intrinsic" properties of n-/p-types even with doping cannot make the transition (e.g. change from n-type to p-type or p-type to n-type). They are commonly considered to be only favorable for one type of carriers transport. However, the origin of such "intrinsic" n-/p-type property in organic films and their doping mechanism is only limit studied. [19, 20] In this paper, we studied the mechanism of original n-and p-type "intrinsic" organic films 8-Hydroxyquinoline aluminum (Alq 3 ) and N, N'-bis-1-naphthyl-N, N'-diphenyl-1, 1'-biphenyl-4, 4'-diamine (NPB) via using MoO 3 as a p-type dopant. It is found that conductivities of organic films both for Alq 3 and NPB films are improved with increasing of the molecular doping molar ratio (MR) of MoO 3 . Moreover, the transition of change of conductivities in NPB films as a function of molecular doping ratio is also found, in which a slope of S >1 can be found in the low doping region (MR<~0.04) and a slope of S~1 can be found with MR>~0.04. On the other hand, doping MoO 3 into Alq 3 films only shows a slope S >1 in the entire doping region. These findings can be well explained from their "intrinsic" n-/p-types originated from different distributions of occupied and unoccupied density of gap states (DOGS) in organic films. In p-type NPB films, occupied DOGS is smaller than unoccupied DOGS, which can be easily removed via low doping of MoO 3 , results in the larger increase of conductivities. On the contrary, in n-type Alq 3 films, occupied DOGS is much larger than unoccupied DOGS, which cannot be easily removed even via high level doping, therefore given a larger slope S>1.
Result and discussion
MoO 3 (99.8%) were bought from Sigma-Aldrich and used without purification. NPB and Alq 3 were both bought from Luminescence Technology Corp. and used with three times further purification. The molecular structures of NPB and Alq 3 were given in Figure 1 . Prior to film deposition, the ITO glass substrates were sonicated in acetone, alcohol, deionized water for each 15 minutes, and finally dried before using. All the organic and inorganic films were thermally deposited within a high vacuum deposition system at a base pressure of <1× 10 −4 Pa through a shadow mask. "Holes only" device structures were ITO/MoO 3 (5nm)/different organic layers (60nm)/MoO 3 (5nm)/Al(100nm), in which 5nm-MoO 3 is used in both sides for blocking the electrons injection and minimal injection barriers for holes (Their energy diagram with respect to vacuum level can be found in Figure 1 (b) [21, 22] ). The effective area of devices is 0.1 cm 2 . Deposition rates of different layers were monitored with quartz-crystal monitors and controlled to be 1-2 Å s −1 . The doping of organic layers was performed by thermal co-evaporation from individual sources, which were controlled via one quartz-crystal monitor. The current density-voltage characteristics of the corresponding devices were measured with Agilent B1500A Semiconductor Device Analyze power source in air ambience at room temperature. Absorption spectrum were measured by UV-vis-near infrared absorption spectroscopy (Cary 5000). The molar ratio (MR) in the MoO 3 -doped-NPB (or Alq 3 ) film was defined as the number of (MoO 3 ) 3 clusters to NPB (or Alq 3 ) molecules. Positive voltage was defined as the ITO electrode applied positively. It is clearly found that the current density at a given voltage increases with MR of MoO 3 both in NPB films and Alq 3 films. Moreover, the increase of current density is up to five orders of magnitude at the highest MR investigated here in NPB films and three orders of magnitude at the highest MR in Alq 3 films. For example, with applied voltage of 0.05 V, the current density is 0.0014 mA/cm 2 (for pristine NPB) and 21.04 mA/cm 2 (for MR=0.26 MoO 3 -doped-NPB), while the current density is only 5.6×10 -6 mA/cm 2 (for pristine Alq 3 ) and 6.7×10 -3 mA/cm 2 (for MR=0.61 MoO 3 -doped-Alq 3 ), respectively. Considering NPB is commonly thought as a p-type semiconductor material with holes concentration larger than electrons, which expects the larger increasing of current density at higher MoO 3 doping ratios and thus a linear relation of current density-applied voltage is expected to occur (e.g. for MR=0.14 and 0.26 in Figure 1(a) ). On the other hand, Alq 3 is considered as an n-type semiconductor material with low holes concentration, which should also expect a change of n-type to p-type at a certain high MoO 3 doping ratios based on the theory of inorganic semiconductors. Thus a linear current density-voltage curve should be found in these "holes-only" devices. However, even at a higher MR of MoO 3 (MR=0.61), a linear relation only can be obtained at lower applied voltages, while change at high applied voltages, indicate the low holes concentration in high MoO 3 -doped-Alq 3 films. To further clarify the difference in doped n-type Alq 3 films and p-type NPB films, we extract the conductivities from Figure 2 in different MoO 3 doped organic films, in which the values are determined at low electric fields from the Ohmic region of the current density-applied voltage scans (from dash lines in Figure 2 ) [23] . Figure 3 shows experimental data for the conductivity as a function of different MR of MoO 3 in (a) NPB films and (b) in Alq 3 films. We can clearly find that the conductivities increase with the MoO 3 MR both in NPB and Alq 3 films. However, the differences can be also found, where in Figure 3 (a) of p-type NPB films, conductivity increases rapidly at the low doping ratio (MR<~0.04 with a slope S>1) and becomes slower at MR>~0.04 with a simple linear fitting by a slope S≈1; while in Figure 3(b) of n-type Alq 3 films, conductivity rapidly increases within the entire doping range by given a simple fitting with a slope S>1. Considering previous studies from S. Olthof et.al, they found the slope changes of the conductivity versus MR in C 60 films is due to the initial passivation of unoccupied density of gap states (DOGS) in C 60 films via charge transfer and becomes to a slope S~1 after completely passivation process. [23] Thus, the initial passivation of occupied DOGS at low doping ratio and generated free holes after passivation can be also reasonably explained in MoO 3 doped p-type NPB films. On the other hand, in n-type Alq 3 films, a larger slope with S>1 occurs in the entire MR region indicates the uncompleted passivation on occupied DOGS, probably due to their larger amounts. Figure 4 . Pristine NPB films and Alq 3 films are also shown as references. In Figure 4 , the peaks at energy position of 3.5eV and 3.1eV represent the pristine NPB and Alq 3 absorption energy, respectively, which are consistent to pervious reports. [24, 25] However, additional peaks below pristine absorption energy are shown after doping with two peaks of positions at 2.6eV and 1.0eV for MoO 3 -doped NPB films, and one peak position of 1.5 eV for MoO 3 -doped-Alq 3 films, which indicate the formation of charge transfer complexes. [26] Considering the energy diagrams of MoO 3 , NPB and Alq 3 as shown in Figure 1(b) , charge transfer is also expected to occur from HOMO of NPB (and Alq 3 ) to the conduction band of MoO 3 due to its larger electron affinity.
Advances in Engineering Research, volume 114
Figure 5. Schematic mechanism of density of gap states (DOGS) in organic films induced "intrinsic" n-/p-type characteristics in (a) n-type Alq 3 films before and after MoO 3 doping, (b) p-type NPB films before and after MoO 3 . Finally, Figure 5 shows the schematic diagrams of elucidating the origin of "intrinsic" n-/p-type organic films and the influence of doping on passivation of DOGS in organic films. It has been pointed out that DOGS induced by structure defects and impurities in pristine organic films give mainly the tailing of LUMO and HOMO into the band gap regions with additional states described either as exponential type or Gaussian type. [27] These DOGS appear in principle via similar mechanism expect their values and energy distributions are not the same, respectively, since the different spatial spreads of HOMO, LUMO and different degeneracies of these states. [28, 29] In "intrinsic" Alq 3 films, the occupied DOGS are much larger than unoccupied DOGS, induce the Fermi level locates much closer to LUMO side, therefore become n-type (the left side of Figure 5(a) ). On the contrary, occupied DOGS are much smaller than unoccupied DOGS in NPB films, therefore result in the Fermi level locating closer to HOMO side and making NPB films to be p-type (on the left side of Figure 5 (b) ). [30] In n-type films (on the right side of Figure 5(a) ), due to much larger amount of occupied DOGS, a high MoO 3 MR is not enough to completely passivate these DOGS, which leading to an effective increase of conductivity with a slope S>1. An even higher MoO 3 MR (e.g. 0.61) can then also additionally increase films disordering and therefore increase DOGS in such films, result in a slightly decrease in films conductivity (as shown in Figure 3(b) ). However, in p-type films (on the right side of Figure  5 (b)), these occupied DOGS can be easily removed by low doping of p-type dopant MoO 3 , thus demonstrate a rapid increase of the conductivity (as shown in Figure 3(a) ). A further increased MoO 3 doping then can generate free holes and increase films conductivity with a slope S~1.
Conclusion
In summary, MoO 3 as a p-type dopant into "intrinsic" p-type NPB and n-type Alq 3 films has been studied via current-voltage measurements and absorption measurements. The conductivities are increased both for NPB films and Alq 3 films after MoO 3 doping. However, the differences of change of conductivities in NPB films and Alq 3 films after doping can be found, where (1) a rapid increase of conductivity in Alq 3 with slope S>1 is shown in the entire MR range; (2) in NPB films, the conductivity changes with a slope of S>1 can be found in the ultralow doping region (MR<~0.04) and a slope of ~1 can be found with MR>~0.04. These differences can be well explained from their original different distribution of DOGS in organic films. In n-type Alq 3 films, occupied DOGS in n-type films is much larger than unoccupied DOGS, result in doping induced increased conductivity with S>1. While in p-type NPB films, due to a smaller amount of occupied DOGS, low doping of MoO 3 can easily passivate such occupied DOGS, and a further increasing of MR can generate free holes, leading to a slope S changing from >1 to ~1.
